Increasing evidence indicates that stimulating hippocampal neurogenesis could provide novel avenues for the treatment of depression, and recent studies have shown that in vitro neurogenesis is enhanced by hypoxia. The aim of this study was to investigate the potential regulatory capacity of an intermittent hypobaric hypoxia (IH) regimen on hippocampal neurogenesis and its possible antidepressant-like effect. Here, we show that IH promotes the proliferation of endogenous neuroprogenitors leading to more newborn neurons in hippocampus in adult rats. Importantly, IH produces antidepressant-like effects in multiple animal models screening for antidepressant activity, including the forced swimming test, chronic mild stress paradigm, and novelty-suppressed feeding test. Hippocampal x-ray irradiation blocked both the neurogenic and behavioral effects of IH, indicating that IH likely produces antidepressant-like effects via promoting neurogenesis in adult hippocampus. Furthermore, IH stably enhanced the expression of BDNF in hippocampus; both the antidepressantlike effect and the enhancement of cell proliferation induced by IH were totally blocked by pharmacological and biological inhibition of BDNF-TrkB (tyrosine receptor kinase B) signaling, suggesting that the neurogenic and antidepressant-like effects of IH may involve BDNF signaling. These observations might contribute to both a better understanding of physiological responses to IH and to developing IH as a novel therapeutic approach for depression.
Introduction
Depression is a common mental disorder in the general population. All currently available antidepressants (ADs) including tricyclic ADs, monoamine oxidase inhibitors, and serotonin and/or norepinephrine selective reuptake inhibitors have the same core mechanisms of action in promoting monoamine neurotransmitters (Nemeroff and Owens, 2002) . Unfortunately for patients and clinicians, the mood improvement starts only after 3-6 weeks of AD treatment. Similarly, in animal behavioral models of depression, a period of 2-3 weeks of continuous administration is required to obtain an AD-like effect. More efficacious AD therapies are in urgent demand.
Several lines of evidence suggest that adult hippocampal neurogenesis is important in depression, thoroughly changing the strategies we use for searching novel interventions of depression (Sahay and Hen, 2007) . Stress has been shown to suppress adult hippocampal neurogenesis in different species (Gould et al., 1997; 1998) . Conversely, chronic treatment with different classes of ADs increases neurogenesis and reverses stress-induced inhibition of neurogenesis in adult hippocampus (Malberg et al., 2000; Czeh et al., 2001; Malberg and Duman, 2003; Alonso et al., 2004) . Moreover, the time course of maturation of newly generated neurons in the dentate gyrus (DG) is generally consistent with the delayed onset of actions of ADs (Ngwenya et al., 2006) . The most compelling evidence linking adult hippocampal neurogenesis with ADs comes from the elegant studies demonstrating that suppression of hippocampal neurogenesis by localized x-ray irradiation inhibits behavioral actions of different ADs in rodent behavioral screens for AD activity (Santarelli et al., 2003; Jiang et al., 2005; Airan et al., 2007) . In addition to ADs, other interventions that confer AD-like behavioral effects, including electroconvulsive seizure, enriched environment, and exercise, also stimulate adult hippocampal neurogenesis (Kempermann et al., 1997; van Praag et al., 1999; Madsen et al., 2000; Hattori et al., 2007; Hunsberger et al., 2007) . Together, these observations strongly suggest a link between increased hippocampal neureogenesis and AD activity (Yan et al., 2010) .
Repeated episodes of hypobaric hypoxia interspersed with normoxic periods [intermittent hypobaric hypoxia (IH)] have long been used for training pilots, mountaineers, and athletes, and even applied for treatment and prevention of human diseases such as hypertension (Serebrovskaya et al., 2008) , ischemic coronary artery diseases (Zhu et al., 2006 ), Parkinson's disease (Lin et al., 2002) , and acute myeloid leukemia (Liu et al., 2006) . Recently, it has been shown that hypoxia promoted neurogenesis in vitro (Shingo et al., 2001; Jin et al., 2002) and enhanced the proliferation of neuroprogenitor cells (NPCs) in vivo (Zhu et al., 2005) . In this context, we investigated the in vivo effects of IH on hippocampal neurogenesis and its potential AD effects. We found that IH increased the proliferation of endogenous NPCs leading to more newborn neurons in the DG in adult rats. To investigate the AD-like effects of IH, we used three animal models screening for AD activity, including the forced swimming test (FST), the chronic mild stress (CMS) paradigm, and the novelty suppressed feeding (NSF) test. Furthermore, the potential mechanisms underlying the neurogenic and AD-like effects induced by IH were investigated.
Materials and Methods
Animals. Studies were conducted on 3-month-old male Sprague Dawley rats (weighing 180 -220 g) obtained from the Southern Medical University Animal Center (Guangzhou, China). Three or four rats were housed per cage each fitted with stainless-steel wire-mesh bottoms. The house conditions were maintained at 24 Ϯ 1°C room temperature (RT) and were under a 12 h light/dark daily cycle (lights on from 6:00 A.M. to 6:00 P.M.), excluding for CMS experiment (see below). Food and water were available ad libitum. All experiments were conducted during the light cycle in accordance with the Chinese Council on Animal Care Guidelines. The procedures were approved by the local animal care committee. Behavioral tests were performed, single blindly, between 1:30 P.M. and 4:30 P.M., and the testing area was dimly lit to limit stress and anxiety.
Materials. Bromodeoxyuridine (BrdU), cobalt chloride (CoCl 2 ), fluoxetine, imipramine, and haloperidol (Sigma-Aldrich) were dissolved in nonpyrogenic 0.9% NaCl and filtered at 0.2 m. All these compounds were injected intraperitoneally. K252a (Calbiochem) was dissolved in sterilized artificial CSF (ACSF)/50% DMSO (Sigma). Chicken anti-BDNF neutralizing antibody and chicken IgY control Ig (Promega) were each diluted in sterilized ACSF to a concentration of 20 g/ml.
IH training protocol. Rats were housed in a thick-walled high-pressureresistant glass animal chamber commercially designed (76 ϫ 50 ϫ 50 cm 3 ), fitted with a brass lid and three brass outlets connected to the other components of the unit via vacuum tubes. Briefly, the first outlet was connected to a high-pressure vacuum pump with a pressure gauge through a copper tube. The second outlet was connected to a manometer that indicated the barometric pressure, whereas the third outlet was fitted to an adjustable knob to regulate the entry of air, and hence the developed pressure in the chamber. During the simulation, pressure was gradually decreased until a particular pressure, equivalent to that at an altitude of 3000 or 5000 m (i.e., P B ϭ 404 mmHg; P O2 ϭ 84 mmHg, equivalent to an altitude of 5000 m) was reached. After exposing the animals to the decreased pressure for 4 h, the pressure was gradually increased to reach the normal level in 15 min. The schedule was followed at the same period once daily for 14 consecutive days, and the chamber was cleaned every day. For the normoxic control, animals were kept in the chamber circulated with room air for 4 h during the corresponding period.
Tissue processing. Rats were deeply anesthetized with 10% chloral hydrate (35 mg/100 g body weight, i.p.) and were killed by transcardial perfusion with 100 ml of heparinized 0.9% saline followed by 200 ml of ice-cold 4% paraformaldehyde in PBS (0.1 M), pH 7.2-7.4. Brains were postfixed at 4°C for 4 -6 h in the same fixative, transferred to PBS containing 30% sucrose (4°C for 48 h), and then frozen. Adjacent sections (corresponding to the following coronal coordinates: interaural 4.48 -5.86 mm, from bregma Ϫ3.14 to bregma Ϫ4.52) were cut on a cryotome (Leica CM 1850) at 10 m [for neuronal nuclear antigen (NeuN) and terminal deoxynucleotidyl transferase (TdT)-mediated biotin-dUTP nick-end labeling (TUNEL) staining] or 30 m [for BrdU, doublecortin (DCX), and double-immunofluorescence staining] and stored at Ϫ80°C until used.
Immunostaining. Immunostaining was performed according to a procedure routinely performed in our laboratory (Yan et al., 2010; Zhu et al., 2010) . The primary antibodies used in the present study are as follows: mouse monoclonal anti-BrdU (2 g/ml; Roche); sheep polyclonal antiBrdU (25 g/ml; BioDesign); goat polyclonal anti-DCX (1:200; Santa Cruz Biotechnology); mouse monoclonal anti-NeuN (1:200; Millipore Bioscience Research Reagents); rabbit polyclonal anti-S-100␤ (1:1000; Swant). The second antibodies used are FITC-conjugated goat antimouse IgG, FITC-conjugated goat anti-rabbit IgG, and rhodamineconjugated rat-absorbed donkey anti-sheep IgG (1:200; Jackson ImmunoResearch). For BrdU ϩ cells quantification, we used a modified protocol that has been reported to successfully quantitate BrdU labeling (Gould et al., 1997; Jin et al., 2002) . Briefly, for each experiment, the slides were coded before quantitative analysis, and the code was not broken until the analysis was complete. BrdU ϩ cells were counted at 400ϫ magnification under the microscope by an investigator blinded to treatment history. For each brain, at least six sections were selected for analysis from the middle to caudal DG. For each selected section, the number of BrdU ϩ cells was quantified in the DG [the granule cell layer (GCL) and hilus; cells that were located more than two cells away from the subgranular zoon (SGZ) were combined]. The cross-sectional area of the DG was determined by use of an IPP Interactive Digitizing Analysis System (Olympus).
For double labeling, slices were analyzed under a confocal microscope. At least 50 BrdU ϩ cells per animal were analyzed using Z-plane sectioning (1 m steps) to confirm the colocalization of the markers for both BrdU and NeuN.
Quantification of neurons. The density of NeuN ϩ cells in CA1 region and granular cell layer was calculated (per 1 mm liner length) at 400ϫ magnification under light microscopy (Olympus BX51 system) as per our previous description .
TUNEL analysis. Apoptotic cells was analyzed using TUNEL detection kits (S7100; Intergen) as previously described . Briefly, 10 m coronal sections were microwaved for 5 min and brought to RT and rehydrated in PBS. Endogenous peroxidase activity was quenched for 10 min in 3% H 2 O 2 in methanol. Sections were washed two times for 5 min in PBS, and equilibration water was applied for 30 min under RT, followed by applying a reaction mixture of 55 l/5 cm 2 of workingstrength TdT enzyme. Sections were then incubated at 37°C for 60 min. After washing in stop/wash buffer for 15 s, slices were incubated in antidigoxigenin peroxidase conjugate for 30 min at RT and washed in PBS four times for 2 min each. The sections were colorized with a 3,3Ј-diaminobenzidine kit (Boster) and then washed in PBS to end the reaction. After washing with water, sections were allowed to dry overnight, counterstained with 0.5% (weight/volume) methyl green, coverslipped, and detected with the Olympus BX51 system microscope. Only yellowstaining cells were counted as apoptotic phenotype. Sections obtained from brains that received an x-ray dose of 10 Gy were used as a positive control.
FST. The rats were handled daily for 3-5 d before testing. The modified FST for rat was conducted essentially as described by Detke et al. (1995) . Briefly, rats were placed individually in glass cylinders (⌽ 21 ϫ 46 cm; Jiliang) that were filled with water (23 Ϯ 1°C) to a 30 cm depth. The rats were removed 15 min later, dried, and placed in their home cage. Twenty-four hours after their first exposure, the animals were again placed in the chamber for 5 min and behaviors were monitored from side by video camera for subsequent analysis. The rater of the behavioral patterns was blinded with respect to the experimental parameters being scored. A time-sampling technique was used whereby the predominant behavior in each 5 s period of the 300 s test was recorded. Climbing behavior consisted of upward-directed movements of the forepaws along the side of the swim chamber. Swimming behavior was defined as movement (usually horizontal) throughout the swim chamber, which also included crossing into another quadrant. Immobility was assigned when no additional activity was observed other than that required to keep the rat's head above the water. Following documented protocols, drugs were injected (i.p.) three times, 1, 5, and 23.5 h before the test session at an injection volume of 2 ml/kg.
Open field test. The open-field apparatus was a rectangular chamber (60 ϫ 60 ϫ 40 cm) made of gray polyvinyl chloride. A video camera, a loudspeaker providing masking noise, and a 25 W red light bulb placed 200 cm above the maze (illumination density at the center of the maze, 0.3 lux) were positioned above its center. The digitized image of the path taken by each animal was stored and analyzed post hoc. After each trial, the apparatus was swept out with water containing 0.1% acetic acid. The floor of the open-field was divided into 36 rectangles (10 ϫ 10 cm). Animals were gently placed on the center square, and left to explore the arena for 5 min. The locomotion activity was registered as the distance in squares an animal moved.
CMS. Male albino Wistar rats (3 months old, weighing 220 -250 g, obtained from the Southern Medical University Animals Center) were singly caged and pretested with coat score assessment. The total coat score resulted from the sum of the score of seven different body parts: head, neck, dorsal coat, ventral coat, tail, forepaws, and hindpaws. For each of the seven body areas, a score of 1 was given for a well-groomed coat and 0 for an unkempt coat. This index has been pharmacologically validated (Griebel et al., 2002; Alonso et al., 2004) . In the present study, the state of each rat's fur was assessed and assigned a score at the beginning of CMS (before CMS), at the end of the third week (before treatment), and 7 d after treatment (after treatment). One day after pretest, rats were subjected to CMS for 5 weeks in total. CMS was performed according to a slightly modified version of protocol published previously (Willner et al., 1992) . The CMS protocol consists of the sequential application of a variety of mild stressors, including restraint, forced swim in ice-cold water (5 min), food and water deprivation (24 h), cage tilting (45°), reversal of the light/dark cycle, strobe light, and pairing with another stressed animal, in a schedule that lasts for 3 weeks and is repeated thereafter. For treatment, IH, fluoxetine (10 mg/kg, i.p.) or saline (i.p.) was given at the beginning of the fourth week and continued to 14 d (see Fig. 3A ). The NSF test was conducted 7 d after CMS. For newborn cell labeling, BrdU (50 mg/kg, i.p.) was injected at 4:00 P.M. once daily for 7 d (during the fifth week). Animals were killed 2 h after the behavioral test and brain slice were prepared for BrdU staining.
NSF test. Twenty-four hours after food deprivation, rats were placed in a plastic box (50 ϫ 50 ϫ 20 cm) in which the floor was covered with ϳ2-cm-thick wooden bedding, where they were subjected to the NSF test for 5 min. At the beginning of the each test, a single pellet of food was placed on a white paper platform positioned at the center of the box. When a rat was placed in a corner of the maze, a stopwatch was immediately started. The scoring for measure of interest did not begin until the rat reached for the food with its forepaws and began eating. Immediately after the test, the rat was transferred to its home cage and the amount of food consumed in the next 5 min was measured (home-cage food intake).
Irradiation. Irradiation was performed according to a modified version of a procedure reported previously (Santarelli et al. 2003) . Briefly, rats were anesthetized and placed in a stereotaxic frame and exposed to cranial irradiation using a Siemens Stabilopan x-ray system operated at 300 kVp and 20 mA. Animals were protected with a lead shield that covered the entire body, with the exception of a 3.5 ϫ 14 mm treatment field above the hippocampus. The corrected dose rate was ϳ1.8 Gy per minute at a source-to-skin distance of 30 cm. The procedure lasted 2 min and 51 s, delivering a total of 5 Gy. Three 5 Gy doses were delivered on days 1, 4, and 8 during IH, respectively. To assess the effects of this procedure on neurogenesis, rats injected with BrdU (4 ϫ 75 mg/kg at 2 h intervals, i.p.) on the last 2 d (days 13 and 14) during IH. Rats were killed 2 h after the behavioral tests, and brain slices were prepared for BrdU staining.
Western blotting. Hippocampal samples were prepared as described previously (Yan et al. 2010) . Samples (total of 200 g of lysates) were subjected to electrophoresis in SDS-10% polyacrylamide gels and transferred to polyvinylidene fluoride membranes by standard procedures. The membranes were blocked with 5% nonfat milk and incubated overnight at 4°C with the following antibodies: monoclonal anti-HIF-1␣ (1:500; Millipore Bioscience Research Reagents), rabbit polyclonal anti-BDNF (1:500; Millipore Bioscience Research Reagents), rabbit polyclonal anti-erythropoietin (EPO; 1:200; Santa Cruz Biotechnology), and mouse monoclonal anti-␤-actin (1:1000; Bostor). This was followed by incubation with secondary horseradish peroxidase-conjugated antibodies and enhanced chemiluminescence detection (GE Healthcare) and detected by the Quantitative Imaging System FluorChem SP (Alpha Innotech). To quantitate protein abundance, bands were analyzed with FluorChem SP software. Optical densities (ODs) were normalized to OD values for the corresponding ␤-actin on the same membranes.
Minipump infusion of K252a and anti-BDNF antibody. Intraventricular infusion of antibody has been used to investigate the protein's function (Shingo et al., 2001) . In present study, we blocked BDNF-tyrosine receptor kinase B (TrkB) signaling using K252a and chicken anti-BDNF antibody, which has been shown to be neutralizing and specific for BDNF (Chen et al., 2005) . Osmotic minipumps designed to deliver 0.5 l/h for 14 d (Model 2002; Alzet) were filled with 50 M K252a in ACSF/50% DMSO, ACSF/50% DMSO, 20 g/ml chicken anti-BDNF neutralizing antibody, or 20 g/ml chicken IgY in ACSF. Each osmotic minipump was attached to a brain infusion cannula that was placed in the right lateral cerebral ventricle (Ϫ1.0 anteroposterior relative to bregma, 1.5 mm lateral to the midline, and 3.4 mm deep to the pial surface). The cannula was cemented in place, and the incision was sutured. Four days after surgery, animals exposed to 14 d IH mimicking 5000 m in altitude were given BrdU (4 ϫ 75 mg/kg at 2 h intervals, i.p.) injections on the last 2 d (days 13 and 14) during IH. Behaviors were tested 24 h after IH, and 2 h later, rats were killed and brain slices were examined for BrdU staining (see Fig. 6 Ab).
Statistical analysis. All data are expressed as mean Ϯ SEM. One-way ANOVA followed by the least significant difference (LSD) for post hoc comparisons or an independent-sample t test was used for statistical analysis throughout the study unless specified otherwise. The significance level for all tests was set at p Ͻ 0.05.
Results

IH enhances neurogenesis in adult hippocampus
The effect of IH on the proliferation of NPCs was first investigated. To this end, rats were subjected to IH for 14 d, and proliferating cells were labeled by daily BrdU injection (50 mg/kg body weight, i.p.) beginning on the sixth day of IH for 9 d (Fig. 1 Aa). Rats were killed 24 h after IH paradigm ended. BrdU ϩ cells were examined in the DG, a region where adult neurogenesis is implicated in AD (Sahay and Hen, 2007) . As shown in Figure 1 B, BrdU ϩ cells appeared as in clusters or aggregates in the SGZ, as reported previously (Malberg et al., 2000; Yan et al., 2010) . The number of BrdU ϩ cells was increased by IH mimicking altitude of 3000 and 5000 m (F (2,15) ϭ 16.628, p Ͻ 0.001; post hoc analysis, p Ͻ 0.01 5000 m vs control), although the increase at 3000 m was not statistically significant ( p ϭ 0.056 vs control). In general agreement with a previous report (Zhu et al., 2005) , which demonstrates that the number of BrdU ϩ cells was increased in both the DG and subventricular zone by 14 d IH mimicking 3000 and 5000 m in altitudes, these results suggest that IH promotes the proliferation of NPCs in adult hippocampus. Unless otherwise indicated, IH in this paper indicates IH mimicking 5000 m in altitude.
To determine whether the increased BrdU ϩ cells induced by IH differentiate into new neurons, BrdU (4 ϫ 75 mg/kg at 2 h intervals, i.p.) was injected at the last 2 d of IH, and rats were killed 28 d after the last BrdU injection (Fig. 1 Ab) . During this period, newly generated cells have been shown to differentiate to become neurons in the hippocampus (Kempermann et al., 2003) . NeuN was used as a marker of mature neurons (Mullen et al., 1992) . Unlike those examined right after BrdU injection, distributed as aggregates in the SGZ, BrdU ϩ cells were dispersed in the GCL and appeared to be indistinguishable in size and morphology from neighboring granule neurons ( Fig. 1 B, C) . Confocal microscopy, using Z-plane sections to confirm colocalization for each cell, revealed that the number of NeuN ϩ /BrdU ϩ (doublepositive) cells was significantly increased in IH-treated hippocampus (t (1,10) ϭ 8.414; p Ͻ 0.01) (Fig. 1 D) , indicating that IH stimulates neurogenesis in adult hippocampus.
To further characterize the effect of IH on the fate of the newborn cells, rats injected with BrdU (4 ϫ 75 mg/kg body weight, i.p.; 2 h intervals) before IH were killed 28 d after the last BrdU injection. Brain slices were costained for BrdU and NeuN or S-100␤, a marker for matured astrocyte (Boyes et al., 1986 ).
The number of BrdU ϩ cells in the DG was not different between control and IH-treated rats (t (1,10) ϭ 0.189; p ϭ 0.673; n ϭ 6), indicating that IH had no effect on the survival of newborn cells. Furthermore, the percentages of the NeuN ϩ /BrdU ϩ (IH, 76.2 Ϯ 4.1% vs control, 73.7 Ϯ 2.5%; t (1,10) ϭ 0.005; p ϭ 0.942) and the S-100␤ ϩ /BrdU ϩ (IH, 13.2 Ϯ 3.2% vs control, 13.5 Ϯ 1.2%; t (1,10) ϭ 0.15; p ϭ 0.781) in total BrdU ϩ cells were not altered by IH, suggesting that IH had no effect on the differentiation of newborn cells. Together, these results suggest that IH promotes the proliferation of NPCs, and thus enhances neurogenesis in adult hippocampus.
IH produces AD-like effect in the FST
Having demonstrated the effect of IH on promoting hippocampal neurogenesis in adult brain, we next investigated for any AD effects related to IH. It has been shown that CoCl 2 can mimic hypoxia in animal models (Xi et al. 2004 ) and in cultured cells (Yuan et al., 2003) ; first, we investigated the neurogenic effect of CoCl 2 . To this end, rats were injected daily (intraperitoneally) with CoCl 2 (2.5, 7.5, and 15 mg/kg) or saline followed by BrdU injection (50 mg/kg, i.p.) for 6 d (n ϭ 6); animals were killed 24 h after treatments, and brain slices were prepared for BrdU immunostaining. The number of BrdU ϩ cells in the DG was significantly increased (45.7 Ϯ 17.6%) by CoCl 2 at the dose of 7.5 mg/kg (F (3,21) ϭ 3.959; p Ͻ 0.05 vs saline group), but not at 15 mg/kg (21.4 Ϯ 10.1% increase), probably because of toxicity at the high dose (Liu et al., 2006) . Then, the AD effect of CoCl 2 (7.5 mg/kg) was examined in the FST, a widely used animal model for assessing pharmacological AD activity (Cryan et al., 2005) . Fluoxetine (20 mg/kg, i.p.) and imipramine (30 mg/kg, i.p.), two well-know Figure 2 . IH produces an AD-like effect in the FST. A, AD-like effect of CoCl 2 in the FST. Rats were treated with saline, fluoxetine (20 mg/kg), imipramine (30 mg/kg), CoCl 2 (7.5 mg/kg), and haloperidol (1 mg/kg) three times, 1, 5, and 23.5 h before the test session; n ϭ 12 in each group. *p Ͻ 0.05; **p Ͻ 0.01 versus the saline group by LSD post hoc analysis after one-way ANOVA. B, IH shortened the immobility and increased the duration of swim relative to control when rats were tested at 24 h after IH. C, There was no difference in the number of squares animals crossed between control and IH groups. *p Ͻ 0.05 versus control by an independent-sample t test. The results are expressed as means Ϯ SEM; n ϭ 10 in each group.
ADs, were used as positive controls, and haloperidol (1 mg/kg, i.p.), a neuroleptic drug, was used as a negative control. Compared with saline group, both fluoxetine and imipramine exhibited the AD-like effects, evidenced by significantly decreasing immobility, whereas haloperidol had no effect (Fig. 2 A) , in agreement with previous reports (Cryan et al., 2005; Garcia et al., 2008) . Interestingly, CoCl 2 decreased immobility (F (4,55) ϭ 5.369; p Ͻ 0.01; post hoc analysis, p Ͻ 0.05 vs saline group) and increased climbing (F (4,55) ϭ 4.492; p Ͻ 0.01; post hoc analysis, p Ͻ 0.05 vs saline group), but had no effect on swimming (F (4,55) ϭ 3.82; p Ͻ 0.01; post hoc analysis, p ϭ 0.27 vs saline group) (Fig. 2 A) , suggesting that CoCl 2 could have AD-like effect.
Next, we assessed IH's AD effect on the FST, conducted 24 h after IH. IH mimicking 3000 m in altitude had no effects on immobility (t (1, 22) ϭ 0.449; p ϭ 0.658 vs control), swimming (t (1, 22) ϭ 0.434; p ϭ 0.669), or climbing (t (1, 22) ϭ 0.281; p ϭ 0.781) in the FST. However, as shown in Figure 2 B, IH (mimicking altitude of 5000 m) decreased immobility (t (1, 22) ϭ 2.567; p Ͻ 0.05) and increased swimming (t (1, 22) ϭ 2.072; p Ͻ 0.05), but had no effect on climbing (t (1,22) ϭ 1.124; p ϭ 0.273) when compared with control. To exclude the possible effect of IH on spontaneous locomotor activity, which may contribute to the decreased immobility in the FST, animals were exposed to the open-field apparatus for 5 min. There was clearly no difference in the number of squares animals crossed between two groups (t (1,18) ϭ 0.428; p ϭ 0.52) (Fig. 2C) , suggesting that IH might have AD-like effect.
IH reverses depression in CMS
To further characterize the AD effect of IH, we developed an animal model of depression following an established CMS paradigm (Willner et al. 1992 ). This paradigm results in a deterioration of the state of the coat that can be reversed by chronic AD treatments (Griebel et al., 2002; Santarelli et al., 2003) . To this end, rats randomly divided into four groups (control, IH, fluoxetine, and saline groups; n ϭ 7 per group) were subjected to CMS, except the control rats, which were subjected to normoxic conditions. The state of each rat's fur was evaluated at the beginning of CMS (before CMS), at the end of the third week (before treatment), and 7 d after treatment (after treatment) (Fig.  3A) . After 3 weeks of CMS, rats showed coat state deterioration (factor F (3,24) ϭ 156.85; p Ͻ 0.001, repeated measures) (Fig. 3B) . In contrast, the physical state of the animal's coat was improved by fluoxetine (group F (3,24) ϭ 18.583; p Ͻ 0.001; post hoc analysis, p Ͻ 0.01 vs saline group, repeated measures) (Fig. 3B ). This result is in agreement with previous reports (Griebel et al., 2002; Alonso et al., 2004) . Strikingly, like fluoxetine, IH significantly improved the physical state of the fur ( p Ͻ 0.01 vs saline group) (Fig. 3B) , and there was no difference between fluoxetine and IH groups ( p ϭ 0.478). After the last fur score assay, we subjected the rats to the NSF test, which has been used to assess chronic AD efficacy in rats and in mice (Bodnoff et al., 1988; Santarelli et al., 2003) . Exposure to CMS increased the latency to feed (F (3,24) ϭ 7.1; p Ͻ 0.01; post hoc analysis, p Ͻ 0.001 control vs saline group), an effect that was partially reversed by fluoxetine ( p Ͻ 0.01 vs saline group), in agreement with previous reports (Bessa et al., 2009 ). Most interestingly, IH decreased the CMSelevated latency ( p Ͻ 0.01 vs saline group), and there was no difference between IH and fluoxetine groups ( p ϭ 0.562) (Fig.  3C) . Because ADs may alter appetite, we determined whether the reduced feeding latency by IH was attributable to a change in appetite. To this end, rats were immediately returned to their home-cages after the NSF test and scored for food consumption. There was clearly no difference in food consumption among four groups (F (3,24) ϭ 0.52; p ϭ 0.673) (Fig. 3D) . Thus, it is unlikely that the reduction of the latency was attributable to a change in appetite. Also, there was no effect of IH on body weight of rats exhibiting depressive-like behavior (data not shown). These results together support the notion that IH could have an AD-like effect. Furthermore, CMS exposure significantly decreased the number of BrdU ϩ cells (F (3,24) ϭ 6.1; p Ͻ 0.001; post hoc analysis, p Ͻ 0.001 control vs saline group), confirming that stressors suppress adult hippocampal neurogenesis (Gould et al., 1997; 1998) . Remarkably, the decreased number of BrdU ϩ cells in depressive rats was partially reversed by both fluoxetine and IH ( p Ͻ 0.01 IH vs saline group) (Fig. 3E) , suggesting that the AD- Figure 3 . IH reverses depressive-like behavior in CMS paradigm. A, Experimental design. Rats were exposed to CMS for 5 weeks. The state of each rat's fur was assessed at the beginning of CMS (before CMS), end of the third week (before treatment), and 7 d after treatment (after treatment; Beh.). The NSF test was performed 7 d after treatment. Treatments, including IH, fluoxetine (10 mg/kg) and saline, were administered from the beginning of the fourth week and lasted for 2 weeks. Animals were killed 2 h after the behavioral tests and brain slices were prepared for BrdU staining. Control rats were kept in the chamber circulated with room air in the corresponding period. B, Animals showed coat state deterioration during CMS, an effect that could be reversed by both IH and fluoxetine. **p Ͻ 0.01; ***p Ͻ 0.001 versus saline group by repeated measures. C, Anxiety-like behaviors in the NSF test at 7 d after CMS. D, No difference was found in amount of food intake among four groups when rats were tested in their home cage after the NSF test. E, CMS exposure significantly decreased the number of BrdU ϩ cells in the DG, and this effect was fractionally reversed by fluoxetine and IH. **p Ͻ 0.01; ***p Ͻ 0.001 versus saline group by LSD post hoc analysis after one-way ANOVA. N.S., No significant difference. The results are expressed as means Ϯ SEM, n ϭ 7 in each group.
like effect of IH may involve promotion of adult hippocampal neurogenesis.
Attenuation of IH's AD-like effect by neurogenesis inhibition
To determine whether adult neurogenesis is required for IH's AD-like effect, we selectively destroyed hippocampal neurogenesis by computer-guided x-ray exposure. To this end, rats were randomly divided into four groups: control, control plus x-ray, IH, and IH plus x-ray (n ϭ 8 in each group). Behavioral tests were conducted 24 h after 14 d IH (Fig. 4 A) . The x-ray exposure had no effect on immobility and climbing, and little effect on swimming in the FST (Fig. 4 B) . Most interestingly, the reduction of immobility induced by IH was totally blocked by the x-ray exposure (F (3,28) ϭ 7.778; p Ͻ 0.01; post hoc analysis, p Ͻ 0.05, IH vs control; p ϭ 0.461, IH plus x-ray vs control); there was no difference between control plus x-ray and IH plus x-ray groups ( p ϭ 0.812) (Fig. 4 B) . To test whether x-ray exposure is anticipated to attenuate the neurogenic effect of IH, animals were killed 2 h after the FST, and brain slices were examined for BrdU and DCX (a marker for immature neurons) (Nacher et al., 2001) immunostaining (Fig. 4 A) . As expected, IH increased the number of DCX ϩ (F (3,28) ϭ 144.67; p Ͻ 0.001; post hoc analysis, p Ͻ 0.01 vs control) and BrdU ϩ (F (3,28) ϭ 49.167; p Ͻ 0.001; post hoc analysis, p Ͻ 0.05 vs control) cells in the SGZ; these effects were blocked by the x-ray exposure ( p Ͻ 0.001 IH plus x-ray vs IH) (Fig. 4C,D) , confirming that the x-ray irradiation suppresses hippocampal neurogenesis in adult brain (Santarelli et al., 2003; Jiang et al., 2005; Airan et al., 2007) . In a parallel series, the x-ray exposure had no effect on the feeding latency in the NSF test when rats were tested 24 h after IH (F (3,44) ϭ 4.918; p Ͻ 0.01; post hoc analysis, p ϭ 0.622 control plus x-ray vs control). However, the reduced latency by IH was also impeded by x-ray irradiation ( p Ͻ 0.01 IH vs control; p ϭ 0.629 IH plus x-ray vs control) (Fig.  4 E) . There was no difference in the home-cage food consumption among four groups (F (3,44) ϭ 0.304; p ϭ 0.882) (Fig. 4 F) . These results suggest that neurogenesis is necessary for IHinduced AD-like effect.
To further test whether the AD-like effect of IH in depressed animals is neurogenesis dependent, rats were randomly divided into four groups (control, control plus x-ray, IH, and IH plus x-ray; n ϭ 10 in each group) and all of them were subjected to CMS (Fig. 5A ). X-ray irradiation had no effect on rats' sensitivity to stress, as rats showed coat score deterioration after CMS (factor F (3,26) ϭ 112; p Ͻ 0.001), and there was no difference in the coat score assay between control and control plus x-ray groups (group F (3,26) ϭ 15.077; p Ͻ 0.001; post hoc analysis, p ϭ 0.185, repeated measures) (Fig. 5B) , in agreement with a previous report (Surget et al. 2008) . However, IH improved the coat state of the rats exhibiting depressive-like behavior ( p Ͻ 0.001 vs control); this effect was blocked by x-ray irradiation ( p ϭ 0.817 IH plus x-ray vs control) (Fig. 5B) . Seven days after the CMS paradigm, rats were further tested in the NSF test. Strikingly, the CMSelevated latency was decreased by IH (F (3,26) ϭ 14.251; p Ͻ 0.01; post hoc analysis, p Ͻ 0.01 vs control), and this effect was also impaired by x-ray exposure ( p ϭ 0.629 IH plus x-ray vs control) (Fig. 5C) . There was no different in the home-cage food con- Figure 4 . Hippocampal irradiation suppressed behavioral responses to IH. A, Experimental protocol. X-ray irradiations were given on days 1, 4, and 8, and BrdU was injected on days 13 and 14 during IH. Behaviors (Beh.) were tested 24 h after IH, and rats were killed 2 h later. B, The x-ray exposure prevented IH from reducing the immobility in the FST (n ϭ 8). C, Representative images of DCX immunostaining. Scale bar, 50 m. D, IH significantly increased the numbers of DCX ϩ and BrdU ϩ cells in adult hippocampus (n ϭ 8). These effects were blocked by the x-ray exposure. E, The x-ray exposure prevented IH from reducing the latency to feed (n ϭ 12). F, IH had no effect on the home-cage food consumption. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 versus IH by LSD post hoc test after one-way ANOVA. N.S., No significant difference. The results are expressed as means Ϯ SEM. sumption among four groups (F (3,26) ϭ 0.159; p ϭ 0.923) (Fig.  5D ). These results in line demonstrate that promotion of neurogenesis in adult hippocampus is necessary for IH-induced ADlike effects.
BDNF is involved in the neurogenic and AD-like effects of IH
To investigate the possible mechanisms underlying IH-induced neurogenic and AD effects, we first examined expression of hypoxia-responsive genes and transcription factors. HIF-1␣ and its target genes are pivotal elements of one of the main cellular responses to hypoxia that operates in numerous cell types (Sharp and Bernaudin, 2004) ; Among the HIF-1␣ target genes, EPO has been shown to have an AD effect in both rat and human (Girgenti et al., 2009; Miskowiak et al., 2009) . BDNF is a neurotrophic factor that has been implicated in adult neurogenesis and AD effects of current ADs (Newton and Duman, 2004) . Recent studies have also shown that intermittent hypoxia increases BDNF in ventral spinal segments (Baker-Herman et al., 2004) . Therefore, in the present study, we assessed the expressions of HIF-1␣, EPO, and BDNF in adult hippocampus. To this end, rats subjected to IH were killed on the 7th and 14th days of hypoxia, and 7 d after IH (21st day; n ϭ 4 in each group) (Fig. 6 Aa), and hippocampi were rapidly removed for Western blot analysis. HIF-1␣ rapidly increased at the seventh day during IH (F (5,18) ϭ 19.575; p Ͻ 0.001; post hoc analysis, p Ͻ 0.001 vs control); however, it returned to the level of control at 7 d after IH ( p ϭ 0.898 vs control) (Fig. 6 B) . These results were in general agreement with a previous report (Chavez et al., 2000) . EPO showed a delayed expression pattern after IH training as it reached the highest level (30% increase) on the 14th day during IH (F (5,18) ϭ 13.31; p Ͻ 0.001; post hoc analysis, p Ͻ 0.001 vs control) (Fig. 6C) ; strikingly, BDNF was increased three times that of control, and the high levels remained elevated at all time points examined (F (5,18) ϭ 22.787; p Ͻ 0.01; post hoc analysis, p Ͻ 0.001 vs control) (Fig.  6D) , suggesting that the neurogenic and AD effects of IH may involve BDNF signaling.
To further determine whether BDNF is necessary for IH's AD-like effect, we infused K252a, a potent pharmacological inhibitor of the BDNF receptor TrkB, into the lateral ventricles of adult rats, followed by examination of behavioral changes and levels of neurogenesis (Fig. 6 Ab). Infusion of solvent (ACSF/50% DMSO) had no detectable effect on IH reducing the immobility in the FST (F (2,21) ϭ 22.761; p Ͻ 0.001; post hoc analysis, p Ͻ 0.001 IH plus DMSO vs control) and promoting neurogenesis (F (2,21) ϭ 14.27; p Ͻ 0.001; post hoc analysis, p Ͻ 0.01 IH plus DMSO vs control). In contrast, K252a dramatically prevented IH from shortening immobility ( p ϭ 0.58 vs control) and increased the duration of swimming (F (2,21) ϭ 12.188; p Ͻ 0.01; post hoc analysis, p ϭ 0.575 vs control) (Fig. 6 E) . Moreover, the increased number of BrdU ϩ cells in DG induced by IH was also blocked by the infusion of K252a ( p ϭ 0.627 vs control) (Fig. 6 F) . In a parallel series, we compared the effects of infusions of anti-BDNF antibodies versus normal chicken IgY, a control Ig, on IH-induced behavioral and neurogenic changes. To detect behavioral changes, in this experiment, we used the NSF test. IgY had no noticeable effect on IH shortening the latency to feed in the NSF test (F (2,23) ϭ 6.381; p Ͻ 0.01; post hoc analysis, p Ͻ 0.01 IH plus IgY vs control), which was blocked by anti-BDNF infusion ( p ϭ 0.69 vs control) (Figs. 4 E, 6G ). There were no significant differences in food consumption among groups (F (2,23) ϭ 1.325; p ϭ 0.285). Also, the increased number of BrdU ϩ cells induced by IH (F (2,23) ϭ 3.608; p Ͻ 0.01; post hoc analysis, p Ͻ 0.05 IH plus IgY vs control) was blocked by anti-BDNF infusion ( p ϭ 0.986 vs control) (Fig. 6 H) . Together, these findings indicate that BDNF is necessary for the neurogenic and AD effects of IH.
IH had no neuronal toxicity
Hypoxia events are known to have toxic effects; therefore, it is worthwhile to investigate whether IH under our condition could cause neuronal damage in the brain. To this end, we first measured the number of NeuN ϩ cells in the CA1, a region that is highly vulnerable to hypoxia (Lipton, 1999) and the GCL. The densities of NeuN ϩ cells in the CA1 region and the GCL were not different between control and IH groups (data not shown). Furthermore, we performed TUNEL analysis to determine whether IH causes neuronal apoptosis; brain slices from hippocampal- Figure 5 . The AD-like effect of IH was blocked by hippocampal x-ray irradiation after CMS. A, Experimental paradigm. Rats were subjected to CMS in total for 5 weeks and the coat state was assessed (Beh.). IH started at the beginning of the fourth week and lasted 2 weeks; half of the animals had their hippocampus irradiated. The NSF test was conducted 7 d after CMS (n ϭ 10 in each group). B, IH significantly improved the coat state in the rats exhibiting depressive-like behavior, which was totally blocked by x-ray irradiation. ***p Ͻ 0.001 versus IH (repeated measures). C, Hippocampal x-ray irradiation blocked IH, decreasing the elevated latency to feed induced by CMS in the NSF test. D, IH had no effect on the home-cage food consumption after the NSF test. *p Ͻ 0.05; **p Ͻ 0.01 versus IH by LSD post hoc analysis after one-way ANOVA. N.S., No significant difference. The results are expressed as means Ϯ SEM.
irradiated rats were used as the TUNEL-staining positive control. There was no detectable TUNEL ϩ cells in IH-treated hippocampus, whereas x-ray irradiated rats exhibited numerous TUNEL ϩ cells in the DG (data not shown), suggesting that the IH paradigm did not cause neuronal death.
Discussion
The major findings of this study are as follows. First, IH enhances neurogenesis in adult hippocampus. Second, IH produces ADlike effects in multiple animal models screening for AD activity including the CMS paradigm, the FST, and the NSF test. Third, the AD-like effect of IH requires adult hippocampal neurogenesis and BDNF since it could be blocked by selective inhibitions of neurogenesis and BDNF-TrkB signaling in adult hippocampus. Together, these results identify a novel function of IH suggesting it could be developed as a potential AD therapy.
Severe hypoxic events are known to have toxic effects, whereas milder levels of oxygen desaturation may have beneficial effects (Rybnikovac et al., 2005) . The actual protocol to achieve intermittent hypoxia used in experiments varies greatly in cycle length, the number of hypoxic episodes per day and days of exposure, as well as being with or without hypobaric. Compelling outcomes of intermittent hypoxia may be linked to an exact protocol type. Concerning these points, we developed a protocol for achieving IH in a mild manner, including a short time course of hypoxic condition (4 h a day), a long time interval (20 h), and lower altitudes, such as 5000 and 3000 m. Our data showed that IH mimicking 5000 m in altitude enhanced the proliferation of endogenous NPCs leading to more new neurons in adult hippocampus without affecting the fate of newborn cells. Of note, IH's promotion of neurogeneis in the brain of adult rats was not because of hypoxia-induced toxicity, as all animals could endure hypoxic conditions used in this work without evidence of tissue damage.
Given the findings that chronic AD treatments produced AD effects likely achieved by promoting hippocampal neurogenesis (Santarelli et al., 2003) , we hypothesized that IH-induced newborn neurons in adult hippocampus may correlate with an AD effect. Our subsequent experiments supported this hypothesis. We used three behavioral screens for AD activity, including the FST, CMS, and the NSF test, to investigate whether IH produces AD effects. Although the FST works in subacute conditions (30 min after drug injection), it does remain highly reliable in predicting the therapeutic potential of the tested compounds (Cryan et al., 2005; Dulawa and Hen, 2005) . In the present study, we used fluoxetine and imipramine, two well-characterized ADs, as positive controls, and haloperidol, a typical antipsychotic, as a negative control. Both fluoxetine and imipramine produced AD-like effects in rats, whereas haloperidol had no effect. Interestingly, although acute IH (1 d for IH training) had no AD-like effect in the FST (data not shown), both CoCl 2 and 14 d IH training could produce AD-like effects evidenced by significantly shortening the immobility. Furthermore, IH had no effect on spontaneous locomotor activity, suggesting that IH could be AD. Whereas CoCl 2 increased the duration of climbing, IH shifted to increase the swimming time; although CoCl 2 mimics hypoxia at the molecular level, it is possible the two are working through slightly different mechanisms. For example, exposure to hypoxia markedly increases nuclear factor-B DNA binding activity, whereas CoCl 2 could not (Kalpana et al. 2008 ). The CMS paradigm in Wistar rats has been established previously as a valid model of depression Figure 6 . The neurogenic and antidepressant effects of IH involve BDNF-TrkB signaling. A, Experimental procedures. a, Protein analysis. Rats subjected to IH were killed on days 7 and 14 during hypoxia, and 7 d after IH (day 21) (n ϭ 4), and hippocampi were rapidly removed for Western blot analysis. b, Intraventricular infusion paradigm. Four days after surgery, rats were subjected to IH training for 14 d and BrdU injections (4 ϫ 75 mg/kg, i.p.; 2 h interval) were given on days 13 and 14 during IH. Behavioral tests were conducted 24 h after IH, and rats were killed 2 h later. B-D, Representative Western blot images of HIF-1␣, EPO, BDNF, and ␤-actin of control (7C, 14C, 21C) and IH-treated (7H, 14H, 21H) rats. B, C, HIF-1␣ (B) rapidly increased on day 7 and returned to the level of control on day 21; EPO (C) showed a delayed expression pattern after IH. D, However, BDNF stably increased at all time points examined. E-H, Infusion of K252a blocked the AD-like effect in the FST (E) and the neurogenic effect (F ) induced by IH (n ϭ 8). Similarly, anti-BDNF antibody infusion blocked the AD-like effect in the NSF test (G) and the neurogenic effect (H ) of IH (n ϭ 9). Results are expressed as the mean Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 versus control or/and solvent group by LSD post hoc analysis after one-way ANOVA. (Willner et al., 1992) . Here, we confirm that chronically stressed animals exhibit a marked degradation of the physical state of the coat. This effect can be tentatively explained by a decrease in the animal's grooming in favor of coping behaviors, which are vital in a particularly stressful situation. Also, coat state assay has been shown to be a good index of the response of rats to CMS (Griebel et al., 2002; Alonso et al., 2004) , as this measure is rapidly observed and reproducible. In the present study, fluoxetine, which significantly improved the physical state of the coat of stressed animals, provides an excellent control. Most importantly, like fluoxetine, IH prevented the degradation of the state of the fur induced by CMS. The NSF test, a hyponeophagia-based paradigm that provides an anxiety-related measure that is sensitive to the effects of chronic AD treatments, also exhibits considerable potential as an animal model for studying the neurobiology of the AD response (Dulawa and Hen, 2005) . Using the NSF test, we found that CMS exposure significantly elevated the hyperanxious state, which can be reversed by both fluoxetine and IH. Together, these results suggest that IH could have AD-like effects.
Our data also provide evidence for the neurogenesis hypothesis of the ADs' action. First, IH mimicking altitude of 5000 m, but not 3000 m, could promote neurogenesis in adult hippocampus, and thus produce AD-like effects. Second, CMS exposure significantly decreased the number of BrdU ϩ cells in the DG in rats exhibiting depressive-like behavior, in agreement with a previous report (Santarelli et al., 2003) . Fluoxetine and IH were able to reverse the deterioration of cell proliferation, correlated to their AD effects. Third, hippocampal x-ray irradiation blocked both the neurogenic and AD-like effects of IH in the FST and in the CMS paradigm. Because a 15 Gy dose of x-ray was not found to alter the morphology and function of mature neurons in the hippocampus, hypothalamus, and amygdala (Santarelli et al., 2003) , our data suggest that IH, similar to fluoxetine, reduced depressive-like behavior, likely via promoting hippocampal neurogenesis (Airan RD et al., 2007; Santarelli et al., 2003) .
The regulation of the expression of a wide variety of genes involved in hypoxic adaptations is largely the result of activation of HIF-1␣. Here, the expression of HIF-1␣ was markedly increased by IH in adult hippocampus, supporting the efficacy of hypoxia used in the present study. BDNF and its receptor, TrkB, are widely expressed in adult brain (Lu, 2003) ; there is strong evidence that BDNF-TrkB signaling is involved in the mechanism of action of ADs (for review, see Duman and Monteggia, 2006; Martinowich et al., 2007; Castrén and Rantamaki, 2010) . In 1995, it was originally found that ADs increase the synthesis of BDNF (Nibuya et al., 1995) . Later, several animal studies demonstrated that stress, an important factor in the etiology of depression, can decrease hippocampal BDNF levels (Smith et al., 1995; Nibuya et al., 1999; Rasmusson et al., 2002) ; conversely, chronic AD treatments could enhance BDNF expression in hippocampus (Larsen et al., 2008; Sillaber et al., 2008) . Furthermore, infusion of BDNF into the midbrain or hippocampus induced AD-like effects in two separate depression models (Siuciak et al., 1997; Shirayama et al., 2002) . Other methods have also demonstrated the involvement of BDNF-TrkB signaling in the action of ADs. Mice overexpressing TrkB appear to be more resistant to showing depressive-like behavior in stressful situations (Koponen et al., 2005) . Additionally, evidence has been gathered that would suggest that BDNF-TrkB signaling is necessary for AD effects of fluoxetine and other common ADs, both with dominant negative TrkB mice and with transgenic BDNF Met (a single-nucleotide polymorphism in the BDNF gene) mice (Saarelainen et al., 2003; Chen et al., 2006) . Female mice with conditional knock-out of BDNF exhibit depression-related behaviors as well (Monteggia et al., 2007) . All of these would predicate that agents promoting BDNF function might be clinical effective ADs. In the present study, we observed marked elevation of BDNF in IH-treated hippocampus. Moreover, biological and pharmacological inhibitions of BDNF-TrkB signaling blocked the neurogenic and ADlike effects of IH, suggesting IH's AD-like effect may involve BDNF-TrkB signaling. EPO is one of the well-known targets of hypoxia and is known to increase BDNF in brain (Girgenti et al., 2009) . Here the IH-induced BDNF elevation is unlikely attributable to EPO, at least in the initial phase, because EPO levels in the hippocampus were not increased until day 14; in contrast, BDNF increase occurred on day 7 during IH. However, we cannot exclude that EPO is involved in the AD-like effects of IH. It is important to note that increased BDNF after IH may result from direct actions of hypoxia on the CNS, or indirectly from synaptic activity associated with increased respiratory drive during hypoxia (Baker-Herman et al., 2004) . In addition, although BDNF was elevated by IH, we did not detect any effect of IH on the survival and differentiation of newborn cells in SGZ. Many studies have examined the effects that BDNF-TrkB signaling has on neurogenesis in adult brain. Although few claim that manipulations of BDNF-TrkB signaling alter the differentiation of NPCs (Bath et al., 2008) , many do show that this signaling is important for the survival of NPCs (Sairanen et al., 2005; Bath et al., 2008; Bergami et al., 2008; Li et al., 2008) . The discrepancy between previous reports and our results can be explained by IH inducing other unknown factors that may lead to the added effects that we observed. We therefore feel it will be important to conduct additional studies to further identify the molecular and cellular adaptations that underlie the AD effect of IH. In summary, the present series of experiments demonstrate that IH markedly produces AD effects via enhancing hippocampal neurogenesis and BDNFTrkB signaling in adult rats. This offers the provocative suggestion that deeply understanding the molecular and cellular mechanisms underlying physiological responses to IH could provide novel targets for the treatment of depressive disorders.
